Oil shale ash contains mineral ingredients of agricultural importance and
Introduction
Large quantities of solid wastes from fossil fuels generated each year and increasing costs of landfilling support development of methods for beneficial recycling of combustion ash [1, 2] . As an alternative to landfilling, some of the ash fractions have been used for soil amendment [3] [4] [5] [6] [7] . Particularly in Estonia energy production has been based on the combustion of oil shale resulting in a huge amount of ash. The massive ash materials have been a potential resource for agricultural applications. The most common mineral ingredients of agricultural importance in oil shale ash are: CaO (30-44%) as a liming agent, SiO 2 (27-32%), K 2 O (2.7-7.0%) as a fertilizer, and Fe 2 O 3 (5.2-5.5%) [8] . However, oil shale ash contains also trace elements [9, 10] , which can be leached into soil, surface water and groundwater [2, [11] [12] [13] [14] [15] [16] [17] . Leachability of these elements is closely related to the phases to which they are associated as well as to pH of the leaching environment [2, 11] . Under wet conditions hydration, carbonation and subsequent transformation of oil shale waste resulted in different secondary Ca minerals [8, 17, 18] . A recent study by Riehl and coworkers found that the soil properties and mobilization potential of trace elements might change due to ash-soil-water interaction [19] . Taking into account the development of new technologies for oil shale processing and the high amount of generated ash it is recommended to increase the use of oil shale ash in several areas, including agriculture.
Before the large-scale use, estimation of the risk derived from the application of ash is needed, which in turn requires better knowledge about leaching properties of soil/ash mixtures.
The aim of the present study is to investigate the effect of oil shale ash application on leaching properties of soil. Two approaches are chosen for leaching experiments: 1) a traditional one step leaching scheme and 2) pretreatment, i.e. incubation of the material in wet conditions imitating the field conditions, followed by a traditional leaching procedure keeping the total amount of water constant.
Materials and methods

Experimental part
Samples of two agricultural soils, i.e. Rendzic Leptosol (soil A) and Podsolic Gleysols (soil B) with content of organic matter (OM) 22.94% and 18.64% respectively, and different content of carbonates and clay minerals [20] were treated with deionized water separately and in a mixture with oil shale ash. The ash samples used in the experiments were taken from the exit gas flow duct of the first unit of electric precipitators of a boiler working on circulated fluidized-bed technology (CFB) and from the cyclone of a boiler based on pulverized firing combustion (PF) of oil shale (power plant AS Narva Elektrijaamad, Estonia). The main composition of the ash samples is characterized by different contents of quartz, calcite and lime [18, 21] .
All soil samples were air-dried, crushed, and sieved through a 2-mm mesh. Samples of soils were mixed with ash (5:1 w/w) [22] for preparing dry mixtures.
The following traditional leaching procedure was applied. Each 60 g soil or soil/ash mixture sample was extracted with deionised water (liquid/solid ratio of 2.5 l/kg) for 24 hours. At the end of the extraction period, the solute was removed through a 0.45 µm filter (HIMFIL, Tallinn, Estonia).
For the modified leaching procedure with pretreated solid, 60 g of soil or soil/ash mixture sample was incubated with a small amount of deionized water (30 ml) for 7 days at room temperature. Then 120 ml of deionized water was added to keep the total amount of water constant. Pretreated sample was extracted for 24 hours. The liquid and the solid phase were separated by filtration through a 0.45 µm filter.
The water extracts (leachates) were used for further chemical analysis. All experiments were performed twice.
Chemical analysis
The following parameters of the leachates were determined: pH, electrical conductivity (EC), and the concentrations of potentially hazardous metals Cd, Cr, Ni, Pb and Zn. The pH and EC of the leachates were measured using a BENCH PC 510 pH/Conductivity Meter (Eutech Instruments Pte Ltd, Singapore/Oakland Instruments, Vernon Hills, IL, USA). The electrode was calibrated with pH buffer solutions before pH determination. Leachate samples were analyzed for Cd, Pb, Cr, Zn and Ni by graphite furnace AAS [23, 24] . Blank tests without sample but applying the same procedure were carried out in parallel for each set of analyses.
Results and discussion
The pH, electric conductivity (EC) values and concentration of selected heavy metals in leachates are listed in Table 1 . The water extracts of all soil/ash mixtures are very alkaline. The pH values are slightly lower in leachates from incubated soil/PF ash mixtures and soil A/CFB ash mixture than in samples from the traditional leaching scheme. The concentration of dissolved mineral salts (EC) varies significantly for samples of soil/CFB ash mixtures as compared with soil/PF ash mixtures ( Table 1) .
The affinity of metals to solid is found to be different depending on metal and leaching conditions. Regardless of the method the concentrations of leached Cd and Pb are very low and need not to be taken into consideration ( Table 1) . Concentrations of metals in leachates from soil/ash mixtures decreases as follows: Ni > Zn > Cr (Table 1 ). Concentration range of Zn is similar to the leachate of alkaline lignite fly ash [15] . Incubation of soil/ash mixtures in wet conditions affect mobile fraction of metals (Fig. 1) . Concentrations of both Ni and Zn in leachates from incubated soil/PF ash mixtures are 1.3-2.9 times higher than their concentrations in traditional samples. At the same time the concentrations of mobile Ni and Zn in incubated soil mixtures with CFB ash are less than those in traditional samples. In contrast, leaching behavior of Cr is characterized by lower amount of mobile metal in incubated soil/PF ash mixtures and soil A mixed with CFB ash as compared to traditional samples. Cr  3  3  2  5  3  40  Zn  28  20  40  8  44  13  Ni  17  24  200  60  260  54 SD: pH ± 1%, EC ± 5%, metals ± 10% Leaching data reveals that adding CFB ash to soil B could result in an increased concentration of mobile Cr in soil (Table 1 ). In this case the penetration of Cr into groundwater is possible due to low affinity of soil towards Cr [24] . Thus, among the studied metals nickel, zinc and chromium are the most mobile metals.
Available data [10, 20, 25] revealed similar content of Cr, Zn and Ni in soils and in PF cyclone ash (Table 2) . When the proportions of mobile metal in leachates from soils and soil/ash mixtures are compared, it is observed that among elements Ni is the metal for which the highest proportions in water extracts of treated soil/PF ash mixtures compared to pure soil samples are found (Table 3) . Obtained data for Ni mobility is in good agreement with finding of Riehl et al. [19] , which indicated a higher mobility of metal in rich calcium carbonate incubated soil amended with alkaline coal fly ash.
It is known that at elevated concentrations or availability the Cr, Ni and Zn may be toxic and they are active migrants in biogeochemical food webs [2, 11] . In this context it is important to note that concentrations of metals are well below the regulation standards. Depending on the properties of ash and soil, time of interaction in wet conditions the pH of mixture may vary, ultimately affecting the leachability of trace elements.
In general, two kinds of effects should be considered when applying the waste in agriculture: short-term effects due to readily bioavailable forms of metals from the waste, and long-term effects resulting from the dynamics in metal speciation or other biogeochemical processes in the soil-plant system following waste application [2, 26, 27] .
Conclusions
Soil/ash mixtures are treated with water in order to evaluate leaching characteristics and mobilization potential of list of metals during soil-ashwater interaction.
The transport of soil/ash mixture components to the water phase is highly dependent on the type of soil, ash and leaching conditions.
Heavy metal concentrations in the leachates are well below the regulation standards.
Application of oil shale ash to soil might increase concentration of soluble salts and mobile fraction of Ni in soil.
For safe recycling of oil shale wastes in agriculture, it is advisable to take into account the leaching of trace elements from combustion ash-amended soils.
